Increasing interest in the role of ions such as calcium and strontium in bone formation has called for the investigation of multifunctional ion-doped implant coatings. Mesoporous titania coatings incorporating calcium or strontium enabled a unique pore morphology and potential for drug delivery. Coatings were produced on titanium by an evaporation induced self-assembly method with the addition of calcium or strontium to the sol causing a shift in morphology from a hexagonally-packed to a worm-like porous network. Pore sizes ranged from 3.8 -5 nm and coatings exhibited high surface areas between 181 -215.5 m 2 /g, as measured by N 2 adsorption-desorption. Coatings were loaded with 1 mg/ml Cephalothin, and showed sustained release of the antibiotic over one week in vitro. Cell studies confirmed that the ion addition had no toxic effect on human-like osteoblastic SaOS-2 cells. The results of this study suggest the potential for mesoporous coatings with calcium or strontium incorporation for direct bone-interfacing and combined drug delivery implant applications.
Introduction
The chemistry, topography and morphology of implant surfaces are crucial determinants for implant success, rate of tissue regeneration and patient rehabilitation. For bone-interfacing applications, a highly tunable and functional biocompatible surface is desirable. Mesoporous coatings on implant materials, such as titanium, are ideal contenders due to the ability to tailor their pore size, chemical composition and topography in order to improve cell interaction, bone ingrowth and osseointegration, in general.
In addition, mesoporous materials have applications as potential drug delivery vehicles due to their high surface area and pore volume, suited for adsorption of small molecules and release via systemic or implantable local devices [1] . Several studies have demonstrated the uses of mesoporous materials such as silica, silicon, and bioactive glasses for drug delivery or bone growth induction [1] [2] [3] [4] .
The success of mesoporous materials in vivo is not only dependent on their pore structure, but also their chemistry. While silica is a commonly researched mesopor-ous carrier for drug delivery, in vitro testing in biologically relevant situations has shown it to degrade in a number of hours [5] . Therefore, titania, which is more resilient to in vivo degradation as demonstrated by Bass et al. , may be a superior alternative for permanent implant applications, such as orthopaedic devices and dental implants [5] . Furthermore, mesoporous titania (MT) coatings have been shown to induce hydroxyapatite formation on their surface, an indicator of biocompatibility, and to exhibit an antibacterial effect against E. coli when loaded with antibiotics [6] .
Human bone mineral is understood to consist of various ion-substituted apatites, thus the incorporation of select elements in biomedical materials is an accepted approach to improving biocompatibility and functionality [7, 8] . Strontium is a well-known element used in the treatment of osteoporosis, in the form of orally administered strontium ranelate [9] . However, the release of Sr 2+ ions locally into surrounding bone offers a similar therapeutic effect resulting in osteoclastic suppression and an increase in osteoblastic activity. Strontium incorporation into apatites and glass ceramics has been associated with increases in osteoblastic proliferation, osteogenic differ-entiation, collagen production and mineralization [10] [11] [12] . Likewise, calcium incorporated into the surface of Ti has shown increased alkaline phosphatase production, which is associated with osteoblastic differentiation, and acted as an active site to promote adhesion of proteins and cells to the implant surface [13] . Calcium ion implanted titanium was also found to accelerate the adsorption of phosphate ions on its surface, due to an increase in the positive active hydroxyls available, and thereby increase apatite formation [14] .
Titania coatings can be produced by a number of methods [15] . The evaporation induced self-assembly (EISA) method used in this study is particularly useful due to the versatility it offers [6] . The coating morphology can be easy tuned by altering the many pre-and post-coating parameters including the chemical composition of the sol, dip-coating rate, and calcination time and temperature. In addition, pore shape and size can be tuned and tailored by the use of different structure-directing agents [2] . In this study, we investigate the effects of altering the chemical composition of the sol, by the addition of calcium and strontium ions, on coating morphology, drug delivery characteristics and cell interaction.
Materials & Methods

Coating Production
Standard mesoporous titania (MT) and four mesoporous titania coatings with calcium or strontium (CMT1, CMT5, SMT01, SMT1) were produced using an evaporation induced self-assembly method (EISA) [6, 16] . These four coatings were produced to consist of a final weight percentage of 1% Ca, 5% Ca, 0.1% Sr and 1% Sr, respectively, with the maximum dopant concentrations determined by the saturation point of the ion salts in the sol.
Sol-gel solutions were prepared from mixing standard reagents according to Table 1 . Columns A and B were mixed rigorously for 15 min separately and again after adding the contents of B to A. This was followed by the addition of columns C and D, with 5 and 30 min stirring after each respective addition. Titanium plates (Grade 2, 1 cm × 1 cm) were dip-coated with the sol-gel solution at a rate of 1 mm/min. The coated plates were aged at −20˚C for 24 hr, followed by calcination for 4 hr at 300˚C with a ramping rate of 1˚C/min.
Coating Characterization
The coating crystallinity was analyzed using X-ray diffractometry (D5000, Siemens AG, Munich, Germany) with Cu K α radiation (λ = 1.5418 Å). The coating composition was determined using X-ray Photoelectron Spectroscopy (XPS/ESCA) (Quantum 2000, PHI, Minnesota, USA). Surface area was measured using N2 adsorptiondesorption (ASAP 2020, Micromeritics, USA) using Ar as the analysis gas at 77 K. The morphology and porous structure were investigated using Scanning Electron Microscopy (SEM) (Leo 1550, Carl Zeiss AG, Oberkochen, Germany) with an acceleration voltage of 3 kV.
Drug Loading and Release
Plates were loaded with the antibiotic Cephalothin by soaking in a 1 mg/ml aqueous solution under vacuum for 2 h, using 5 ml drug solution per 1 cm 2 coated plate. Drug-release was measured in a phosphate buffered saline solution (PBS) without Ca 2+ or Mg 2+ ions using a UV-Visible Spectrometer (UV-1800, Shimadzu Corp., Kyoto, Japan). The release data were fitted with the Higuchi model, which describes the drug release by diffusion based on Fick's law.
where Q is the amount of drug released at time t and k H is the Higuchi constant.
Cell Culture and Viability
Human osteoblast-like SaOS-2 cells were maintained in a DMEM/F12 culture medium supplemented with 10% fetal bovine serum (HyClone, Thermo Fischer Scientific Inc., Massachusetts, USA) and 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich, Germany). Cells were cultured in 75 cm 2 flasks at 37˚C, in a humidified atmosphere with 5% CO 2 . The growth medium was changed every 2 days, and detached using trypsin/EDTA when confluent. The SAOS-2 cell line, commonly used for composite toxicity and cyto- compatibility testing, retains many of the late stage markers of osteoblast differentiation. Cell viability was investigated using the alamarBlue ® (Invitrogen, Life Technologies Ltd., Paisley, UK) viability assay at 2, 7, and 14 days of culture. Tissue culture polystyrene (TCPS) and our standard MT were used as control surfaces. SaOS-2 cells were seeded on 6 different samples, (n = 4), (TCPS, and 9 mm discs coated with MT, CMT1, CMT5, SMT01, and SMT1) in 48-well plates at a specific cell density of 7500 cells/cm 2 (19,000 cells/mL). alamarBlue ® is a non-toxic metabolic indicator for viable cells. Upon uptake into the cells, the dye reduced and fluoresced in proportion to the number of viable cells present on the sample. At each time point, the cell culture medium was removed and replaced with 0.500 ml of alamarBlue ® solution diluted 1:20 in phenol-free medium. The samples were further incubated for 3.5 h and aliquots of 150 µl from each sample were read using the Multiscan MS spectrophotometer (Labsystem Multiskan MS, USA) at absorbance values between λ ex = 560 nm and λ em = 590 nm.
Results
Coating Characterization
The ion-incorporated coatings analyzed by X-ray diffraction, shown in Figure 1 , contained crystalline TiO 2 . The major peaks in the XRD pattern were consistent with the anatase phase of TiO 2 . Trace amounts of calcium and strontium were not detected and are believed to be below the detection limits of the instrument. However, XPS results confirm the molar ratio of strontium or calcium to titanium in the coatings. The values, measured by XPS, were in good agreement with the theoretical calculations, Figure 2 .
BET measurements, shown in Table 2 , indicated that pore size varied between 3.8 -5 nm with corresponding pore volumes ranging from 0.17 -0.28 cm 3 /g. Nitrogen adsorption and desorption isotherms are shown in Figure  3 .
SEM images revealed similar coating morphology for most substituted coatings. The surfaces are generally smooth and flat, with some cracks visible. A worm-like porous morphology is present in all coatings except the low concentration Sr-ion doped coating, Figures 4(a)-(d) . The worm-like morphology was much more discernable at higher magnifications, insets Figures 4(b) and (d) .
The original close packed hexagonal pore morphology of unaltered mesoporous titania is shown in Figure 5 for reference.
Drug Release
The release of the model antibiotic drug Cephalothin from ion-substituted coatings is reported in Figure 6 . The coatings exhibited a slight initial burst release followed by sustained drug release over a two-week period. The drug release is reported in μg/cm 2 and therefore could be scaled with implant size or percentage of drugtreated surface. The drug release profile within 24 hours was agreement with the Higuchi model, Table 3 , which indicates the antibiotic release is a diffusion-controlled process. 
Figure 2. Graph of XPS results showing the agreement between theoretical (dark grey) and achieved (light grey) iondopant concentrations.
Figure 4. Low magnification SEM micrographs showing surface morphology of (A) SMT01, (B) SMT1, (C) CMT1 and (D) CMT5 with corresponding high magnification insets in (B) and (D). A worm-like pore morphology is present in all coatings xcept (A). e
Cell Viability
The results of the alamarBlue ® assay presented in Figure  7 indicated that the observed cell number was higher on the TCPS control substrates compared to the different titanium surfaces. However, there was no difference in terms of cell viability on cells grown on the standard MT surface and various calcium or strontium doped MT surfaces on titanium (p > 0.05). Cell proliferation gradually increased throughout the duration of the study. 
Discussion
Multi-functionality is an important feature of any modern implant coating. The ability to create a coating that can perform various functions simultaneously could improve the likelihood for, and reduce the time to, patient rehabilitation. Using coatings as a vehicle for site-specific drug delivery is one of the many properties a mesoporous coating can possess. The release of a model antibiotic drug, Cephalothin, was successfully demonstrated from the coating surfaces. Using the MT coatings as a drug delivery method could eliminate the need for, or reduce, systemic antibiotic usage. The release profile suggests a slight instantaneous burst release, which may be useful immediately after a surgery when the risk of infection and inflammation is the highest. Drug release via desorption of adsorbed molecules is the preferential method of release, since hydrolysis-induced erosion of carrier materials may lead to an undesirable fast and large burst release [17] . Nevertheless, in a study by Peterson et al. anticonvulsant drugs were successively incorporated into titania sols via hydroxyl groups and exhibited steady long-term release [18] . Yet, in our study, the release profile after the initial burst resembled a first-order release mechanism dependent on diffusion. The addition of select elements, in this case calcium and strontium, to the titania coating has shown its most significant effect on the morphology of the implant surface. The surface morphology after incorporation of the elements of higher concentration takes on a worm-like structure, as opposed to the hexagonally packed system of pores observed in the non-ion doped mesoporous titania coatings of our previous work [6] . The destabilization of the close-packed structure, suggest that the calcium and strontium salts affect the normal self-assembly of the sol. Interestingly, the coating with the lowest addition of substitution element (SMT01) exhibited no change in morphology, suggesting that there exists a threshold ion addition that must be met to induce a morphological change, further work to confirm this is needed.
Specific tailoring of the surface area is an important factor to consider since the surface area determines the amount of drug-loading possible via adsorption [1] . The unique worm-like morphology created in this study by the addition of calcium and strontium could be employed for applications requiring a slower release mechanism, as in the study by Slowing et al. which demonstrated that mesoporous silica with a wormhole pore system released its load much slower than the same particles with parallel hexagonal pore channels [17] .
BET surface area measurements indicated that the coatings with 1 wt% calcium or strontium have the largest pore surface area of 213.8 m 2 /g and 215.5 m 2 /g, respectively. Interestingly, these two coatings also correspond to the coatings with the highest drug release determined from in vitro experiments, likely due to the direct correlation between surface area and the capacity for drug uptake. Mesoporous titania coatings studied previously showed a surface area of 172 m 2 /g, lower than all the surface area measurements in this study from coatings which show a modified pore morphology [6] . The BET isotherms in Figure 3 exhibit Type IV curves, with hysteresis loops characteristic of pores with non-uniform size and shape.
The nanotopography of surfaces in contact with cells plays a significant role in cellular behavior. However, a consensus on the effect of nanotopography has yet to be reached in the field. In a study by Cai et al., it was found that titanium surfaces with differing nanotopographies, ranging from 2 to 21 nm pores, showed no significant difference in osteoblastic differentiation [19] . However, in the work by Bass et al. smaller pore sized (approximately 5 nm) titania films produced by the EISA method promoted cellular adhesion, while the larger pore coating (approximately 10 nm) were thought to pose a barrier to integrin assembly and cell spreading on the surface [20] . The pores produced in our work are on the range of 5 nm.
The crystallinity of titania coatings has been shown to influence osseointegration. In a study on similar nanoporous titania films created by the EISA method, it was noted that the coating crystallinity increased with calcination temperature, resulting in a phase transition from amorphous to crystalline anatase [20] . XRD confirmed that the calcination process in our study produced anatase coatings, which are associated with improved osseointegration capabilities [21] . While XRD studies failed to show where the additional ions reside in the structure, it is expected that they form calcium and strontium titanates. Since the small addition of ions seems to be below the detection limit of the XRD, further investigation is needed to pinpoint the exact nature of the compound formed.
alamarBlue ® is a metabolic indicator of viable cells and is initially introduced to the cells as the non-fluorescent dye, resazurin. Once reduced by metabolically active cells, resazurin fluoresces to its oxidized form, resorufin, allowing for the subsequent quantification of viable cells. In this work, the addition of calcium or strontium ions into mesoporous titania coatings showed no adverse effect on the proliferation of the SaOS-2 cells on the surface as determined from the alamarBlue ® assay. However, the increase in cell proliferation throughout the study suggests that the titania surfaces were not cytotoxic.
Conclusion
Calcium and strontium ions have been incorporated into the sol for production of mesoporous titania coatings on titanium. The addition of calcium ions and high concentrations of strontium ions has resulted in a unique wormlike porous coating morphology with open pore network and increased surface area. The coatings provide an altered topography and pore surface area which may encourage osseointegration. The feasibility of using these coatings for local drug delivery has been demonstrated with the slow sustained release of Cephalothin over a one-week period. Cell studies confirmed that the ion addition had no toxic effect on human-like osteoblastic SaOS-2 cells. This study demonstrates the potential for using calcium and strontium to alter the morphology mesoporous titania coatings for bone-interfacing implant applications.
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